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Abstract
Piezoresponse force microscopy (PFM) is one of the most established techniques for the observation and
local modification of ferroelectric domain structures on the submicron level. Both electrostatic and
electromechanical interactions contribute at the tip-surface junction in a complex manner, which has resulted
in multiple controversies in the interpretation of PFM. Here we analyze the influence of experimental
conditions such as tip radius of curvature, indentation force, and cantilever stiffness on PFM image contrast.
These results are used to construct contrast mechanism maps, which correlate the imaging conditions with the
dominant contrast mechanisms. Conditions under which materials properties can be determined
quantitatively are elucidated.
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Piezoresponse force microscopy (PFM) is one of the most established techniques for
the observation and local modification of ferroelectric domain structures on the
submicron level. Both electrostatic and electromechanical interactions contribute at the
tip-surface junction in a complex manner, which has resulted in multiple controversies
in the interpretation of PFM. Here we analyze the influence of experimental conditions
such as tip radius of curvature, indentation force, and cantilever stiffness on PFM
image contrast. These results are used to construct contrast mechanism maps, which
correlate the imaging conditions with the dominant contrast mechanisms. Conditions
under which materials properties can be determined quantitatively are elucidated.
In recent years, piezoresponse force microscopy
(PFM)1 has been successfully employed in the charac-
terization and modification of ferroelectric surfaces on
the micron and nanometer level. In PFM, a conductive
tip is brought into contact with the surface, and an alter-
nating current (ac) bias, Vtip 4 Vdc + Vaccos(vt), is ap-
plied to the tip. The piezoelectric response of the
underlying surface is detected as the first harmonic
component A of the bias-induced tip deflection
d 4 d0 + Acos(vt + w). The phase w yields information
about the polarization direction below the tip. For do-
mains with polarization vectors pointing downward, the
application of a positive tip bias results in the expansion
of the sample, and surface oscillations are in phase with
the tip voltage, w 4 0. For domains with polarization
vector pointing upward, w 4 180°. [Often the piezore-
sponse image is collected as x-Signal Acos(w).] The pi-
ezoresponse amplitude PR 4 A/Vac defines the local
electromechanical activity of the surface and in the early
treatments was assumed to be equal or proportional to the
piezoelectric constant d33 of the material. Numerous ob-
servations of local domain dynamics as related to polari-
zation switching, fatigue, phase transitions, etc., have
been made.2–13 Especially of interest are spectroscopic
variants of PFM, in which ramping of direct current (dc)
voltage offset on the tip Vdc allows local hysteresis loops
to be acquired.
A determination of local ferroelectric properties, in-
cluding hysteresis, stress, and size effects, requires quan-
titative interpretation of the PFM interactions. Both long-
range electrostatic forces and the electromechanical
response of the surface contribute to the PFM signal so
that the experimentally measured piezoresponse is
A 4 Ael + Apiezo + Anl, where Ael is electrostatic contri-
bution, Apiezo is electromechanical contribution and Anl is
nonlocal contribution due to capacitive cantilever–
surface interactions.12 Quantitative PFM imaging re-
quires Apiezo to be maximized to achieve predominantly
electromechanical contrast.
Contrast in PFM strongly depends on the appropriate
choice of the probe, particularly on the cantilever spring
constant and tip material. Here we analyze the influence
of imaging conditions on the PFM contrast. The magni-
tudes of Ael and Apiezo are determined as a function of
indentation force and tip radius of curvature. The elec-
trostatic contribution Ael is calculated assuming that the
total force acting on the tip is composed of the elastic
contribution due to the cantilever, F0 4 kd, and a ca-
pacitive force, Fel 4 C8(Vtip − Vsurf),2 where k is the can-
tilever spring constant, d is the setpoint deflection, C is
the tip-surface capacitance, and V is the potential. The
electrostatic interaction is calculated using sphere-
anisotropic dielectric plane model and does not depend
on the piezoelectric properties of material. The response
amplitude is calculated using Hertzian indentation me-
chanics. For large indentation forces, F0 @ Fel, the linear
approximation is valid, Ael ~ (Vtip − Vsurf)Vac. For a typi-
cal ferroelectric material with Young’s modulus
E* 4 100 GPa, the electrostatic response is Ael » 40
(Vtip − Vsurf)Vac pm. However, the typical potential dif-
ference between ferroelectric domains in ambience is
small (approximately 150 mV for BaTiO3) due to the
polarization screening; therefore, estimated PFM contrast
between the domains of opposite polarities is
PR 4 6.02 pm/V. A nonlocal contribution to PFM Anl
arises due to the buckling oscillations of the cantilever14
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induced by capacitive cantilever–surface interactions.15
The effective displacement due to the cantilever buckling
is inversely proportional to the spring constant of the
cantilever, and this effect dominates for cantilevers with
relatively small spring constant (k < 1 N/m). Typically
the cantilever length is significantly larger than the char-
acteristic size of ferroelectric domains; therefore, the
nonlocal interaction results in a constant background that
does not preclude quantitative domain imaging but
heavily contributes to local hysteresis measurements.
In the pure electromechanical case, Apiezo depends on
the complete set of electroelastic constants of material, as
well as tip geometry.16 Therefore, a relationship between
Apiezo and materials properties is required. For perfect
tip–surface contact Vsurf 4 Vtip in the contact area, and
the electromechanical response of the surface is calcu-
lated using the solution for piezoelectric indentation
problem by Giannakopoulos and Suresh, [Fig. 1(a)].17 In
this classical, or strong indentation (SI) limit, piezore-
sponse becomes independent of tip geometry and can be
calculated analytically in terms of materials properties.
However, the SI limit does not apply to all situations. For
example, the high dielectric constant of a ferroelectric
material can result in a significant potential drop between
the tip and the surface. The effect can be accounted for
by introducing a dielectric tip–surface gap that results in
the attenuation of tip potential, Vsurf 4 gVtip in the con-
tact area, where g ł 1 is the attenuation factor deter-
mined by gap properties [Fig. 1(b)]. The corresponding
regime is referred to as contact limited strong indentation
(CSI). The attenuation factor can be estimated as
g 4 (1 + wkeff /akd)−1, where contact radius a is given
by the Hertzian model. Piezoelectric deformation is ex-
pected even when the tip is not in contact due to the
tip-induced surface charge density. In this case, contact
area is negligibly small and Vsurf ! Vtip [Fig. 1(c)]. This
limiting case is referred to as weak indentation (WI).
In the WI limit, surface deformation can be calculated
using the Greens function for point charge on piezoelec-
tric surface obtained by Karapetian et al.18
The goal of PFM is to determine the conditions under
which quantitative determination of local ferroelectric
properties is possible. The tip contribution to the contrast
is minimal in the SI limit, and piezoresponse for a variety
of ferroelectric materials calculated using published val-
ues of electroelastic constants19,20 is shown in Fig. 2. An
almost linear correlation exists between the response in
strong indentation limit and d33, PR ~ 1.5 d33. Therefore,
despite the significant difference between the boundary
conditions in the ideal case (uniform field) and realistic
tip–surface geometry, d33 provides the dominant contri-
bution to the PR. We also find that d33 can be determined
in the weak indentation limit provided that tip geometry
and dielectric properties of material are known.16 If
“true” PFM is the ability to quantify piezoelectric coef-
ficients from the measurements, it can be achieved di-
rectly only in the strong indentation region. In the weak
indentation regime, the properties of the surface can still
FIG. 1. Limiting cases for the electromechanical interactions in the PFM.
FIG. 2. Correlation between piezoresponse calculated in SI limit and
d33 for some polycrystal and single crystal materials. PZT denotes
different types of commercial lead zirconate-titanate ceramics. LN and
LT are LiNbO3 and LiTiO3; BTC is 95%BaTiO3/5%CaTiO3 (ceramic
B), BTP and BTL are BaTiO3 polycrystals.
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be obtained indirectly. Finally, in the electrostatic regime
the PFM contrasts by long-range electrostatic interactions,
and piezoelectric properties of material are inaccessible.
The variety of tip–surface local and nonlocal interac-
tions necessitates guidelines for quantitative PFM analy-
sis. To relate PFM imaging mechanisms to experimental
conditions (tip radius, indentation force, contact area),
contrast mechanism maps (CMM) were constructed, as
shown in Fig. 3. In the electromechanical case, the ef-
fective piezoresponse in the strong indentation limit was
taken as 50 pm/V. The boundary between the SI and CSI
regimes is calculated with the attenuation factor of 0.3
and the dielectric constant ratio of keff /kd 4 30. The
CMM in Fig. 3(a) corresponds to imaging under good
tip–surface contact (w 4 0.1 nm). Less-perfect contact
(w 4 1 nm), which results from oxidized tips or poorly
conductive coating, as well as the presence of contami-
nants, will expand the CSI and nonlinear electrostatic
(NE) regions, primarily at the expense of the SI region
[Fig. 3(b)]. It should be noted that in the PFM experi-
ment, the wear of the tip results in an increase of contact
radius a, to values larger than those predicted by Hertzian
mechanics.
These results allow multiple controversies in the in-
terpretation of PFM contrast to be reconciled by eluci-
dating experimental conditions under which electrostatic
versus electromechanical mechanisms dominate. For ex-
ample, for a small indentation force, the tip–surface con-
tact area is small and the local electrostatic interactions
prevail over the electromechanical response. For larger
indentation forces, the tip–surface contact area increases
favoring the electromechanical response, while the con-
tact stiffness increases and the electrostatic response de-
creases. Therefore, the use of relatively stiff cantilevers
associated with application of high indentation force
FIG. 3. Contrast mechanism maps of piezoresponse force microscopy.
SI is strong indentation regime, WI is weak indentation regime (con-
tact effect), LE is linear electrostatic regime, NE is nonlinear electro-
static regime, NL is non-local interactions due to the PD is plastic
deformation. The dotted line delineates the region where stress-induced
switching is possible. (a) w 4 0.1 nm, DV 4 Vtip − Vs 4 1 V; (b)
w 41 nm, DV 41 V.
FIG. 4. Piezoresponse hysteresis loops for (a) stiff and (b) soft can-
tilevers. Upper insets show 1-mm scans of the surface, verifying that
imaging is possible in both cases.
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favors electromechanical contrast, whereas imaging with
soft cantilevers favors electrostatic contrast. It is impor-
tant to note that polarization suppression below the tip
and plastic deformation are possible for very large in-
dentation forces as illustrated in Fig. 3.
The nonlocal cantilever contribution to PFM is illus-
trated in Fig. 4, which compares local hysteresis loops
obtained using cantilevers with large (k 4 5 N/m) and
small (k 4 0.1 N/m) spring constants. Both cantilevers
allow successful PFM imaging since relative domain
contrast is not influenced by the nonlocal contribution.
However, only the stiff cantilever yields a well-defined
local hysteresis loop. The soft cantilever exhibits a re-
sponse linear in voltage due to the dominance of capaci-
tive cantilever–surface force and cantilever buckling.
Nevertheless, the contribution of electrostatic interac-
tions is non-negligible for the first cantilever, as well, and
can be detected on nonferroelectric grains (Grain II).
To summarize, to facilitate interpretation of PFM con-
trast we constructed contrast mechanism maps that cor-
relate the imaging conditions with the image contrast
mechanism. These maps are a presentation of analytical
solutions associated with various experimental condi-
tions and are compared to experimental measurements.
Under some conditions, i.e. those corresponding to rela-
tively large indentation forces and tip radii, the actual
piezoelectric coefficient can be determined. This analysis
reconciles existing discrepancies in the interpretation of
PFM imaging contrast.
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